DNA-mediated synthesis of nanoparticles is a powerful method to access exclusive shapes and surface properties. Previous studies employed seeds containing low-energy facets, such as a simple cubic palladium seed, in the synthesis of Pd-Au bimetallic nanoparticles; however, few studies have investigated whether DNA molecules are influential when a seed containing high-energy facets is used. Seeds enclosed by high-energy facets act as facile nucleation sites in nanoparticle growth and could suppress the effect of DNA. We report the DNA-encoded control of the morphological evolution of bimetallic Pd@Au core-shell nanoparticles from a concave palladium nanocube seed containing high-indexed facets. Based on detailed spectroscopic and microscopic studies of time-dependent growth of bimetallic nanoparticles, we found that the DNA molecules containing 10 repeating units of thymine, guanine, cytosine, or adenine (referred to as T10, G10, C10, and A10, respectively) show a unique interaction with the surface of the seed and the precursor. The most important factor is the binding affinity of the nucleobase to the Pd surface; A10 shows the highest binding affinity and can stabilize the high energy surfaces of the seed. Initially, the growth of bases with lower binding affinities (T10, G10, and C10) is completely dictated by the seed's surface energy, but later growth can be influenced by different DNA sequences, providing four Pd@Au bimetallic nanoparticles with unique morphologies. The effect of these DNA molecules with medium or low binding affinities can only be observed when more Au is deposited. We propose a scheme for DNA-controlled growth. These results provide insights into the factors governing the DNA-mediated growth of core-shell structures using seeds with high-energy sites, and the insights can be readily applied to other bimetallic systems.
Introduction
The synthesis of metal nanoparticles of different shapes and with different surface properties has been a major focus of research [1] [2] [3] [4] ; the resulting morphologies play a major role in many applications, such as optics [5] [6] [7] [8] [9] [10] , catalysis [11] [12] [13] [14] [15] [16] , sensing [8, [17] [18] [19] [20] , imaging [21] [22] [23] [24] [25] , and biomedicine [24, [26] [27] [28] [29] [30] [31] [32] [33] . To control the morphologies of metal nanoparticles, most researchers employ different capping ligands, such as cetyltrimethylammonium bromide (CTAB), polyvinylpyrrolidone, or halides [34] , as a key strategy [35] . These ligands Nano Res. 2018, 11 (9) : 4549-4561 play a significant part in providing colloidal stability and stabilizing specific facets of the final nanoparticles. Recognizing that DNA can be a special programmable ligand in assembly [3, [36] [37] [38] [39] [40] [41] [42] and nanoparticle synthesis, we and others have demonstrated that DNA can control the morphologies of many metal nanoparticles with exceptional precision, and the resulting morphologies are dependent on the different DNA sequences used [43] [44] [45] [46] [47] [48] [49] . This unique DNA-encoded approach to controlling nanoparticle morphologies stems from sequence-specific interactions of the DNA with metal surfaces. For example, we recently reported the DNA-mediated growth of bimetallic nanoparticles by a seed-mediated co-reduction of palladium and gold onto a cubic palladium core [48] . The seed was characterized by {100} facets and additional {110} and {111} sites constituting the edges and corners, respectively. The presence of DNA specifically contributed to nucleobase binding to the low coordination sites on the seed, i.e., the {110} and {111} sites. The affinity of the different DNA sequences to these sites and the metal precursors in the reaction environment play a key role in determining the mechanism of initial metal deposition and diffusion onto the seed.
While previous studies have established that DNA can play a major role in controlling the morphologies of different nanoparticles, all these studies have used seeds that contain low-indexed facets, with the exception of twinned surfaces; the presence of low-indexed facets allowed the DNA to bind to the metal surface of the seeds and influence the shell growth on the seed from the initial phase. We wondered whether DNA molecules with different sequences could still exert their influence on the surface of seeds that contain high-energy sites. If so, which factors are crucial to achieve this influence? Answering these questions will provide deeper insights into the roles of the ligand in fine-tuning the morphologies of nanoparticles and will expand the methodology of DNA-encoded nanoparticle growth to synthesize a variety of nanomaterials with diverse morphologies. To answer the above questions and gain a deeper insight into the mechanism of morphological control of bimetallic nanoparticles, we report the DNA-mediated synthesis of nanoparticles using a ~ 75-nm concave palladium cube seed as the core. The as-synthesized concave cube contains protruding edges and corners, presenting metal atoms that are highly unsaturated with respect to coordination. By adopting the concave cube, we intend to specifically test if the presence of higher energy facets suppresses the effect of DNA in controlling the morphology of the final nanomaterials. We found that DNA molecules can still influence the morphologies of nanomaterials and the effects of different DNA sequences are distinct from those observed when a simple palladium nanocube is used as a seed. A new scheme is proposed for DNA-controlled growth in the presence of high-energy sites.
Experimental

Synthesis of ~ 22-nm cubic Pd nanocube substrates
Pd nanocubes were synthesized following a reported protocol [50] . Diluted HCl was added to PdCl 2 (2:1 ratio) to produce a 10 mM H 2 PdCl 4 solution. A vial containing CTAB (45.6 mg) and 10 mL of deionized water was sonicated until CTAB was completely dissolved. The Pd precursor (0.500 mL of 0.01 M H 2 PdCl 4 ) was added to the solution, and a bright orange color was produced, indicating the formation of the precursor complex with CTAB. The solution was then heated for 5 min at 95 °C with stirring (~ 600 rpm); then, 0.080 mL of 0.1 M ascorbic acid was added to the vial. The solution was heated for an additional 15-20 min at 95 °C with stirring to form a clear brown solution, indicating the formation of the nanocube substrates. The solution was removed from heat and stored at 30 °C .
Synthesis of Pd concave cube substrates
Pd nanocubes were synthesized following a reported protocol with modifications [51] . Briefly, CTAB (182.24 mg) was dissolved in 5 mL of Millipore water and transferred to a 15-mL tube. To this solution, 100 μL of 1 mM CuSO 4 was added and mixed gently. This solution was placed in a water bath (40 °C ). H 2 PdCl 4 (0.125 mL of 0.01 M H 2 PdCl 4 ) was added to this solution and mixed. The previously prepared 22-nm Pd cube seed solution (75 μL) was then added to the above solution and mixed. Finally, ascorbic acid (150 μL, 0.1 M) was added to the solution, and the reaction contents were mixed gently and maintained at 40 °C . The reaction was not disturbed for 12 h until the reaction was Nano Res. 2018, 11 (9) : 4549-4561 complete. Typically, a blue solution was observed at the end of the reaction. These particles were then used for DNA-mediated synthesis.
DNA-mediated synthesis of Pd@Au bimetallic nanocrystals
The concave cube solution was typically washed three times by centrifugation (8 krpm for 5 min) to remove as much of the existing CTAB as possible. The washed solution was then diluted to an absorbance of 0.3 at ~ 700 nm (~ 4.8 ppm Pd, as determined by inductively coupled plasma mass spectrometry). Then, 100 μL of the diluted solution was incubated in oligomeric sequences of DNA (containing 10 repeating units of adenine, thymine, guanine, or cytosine, referred to as A10, T10, G10, and C10, respectively) for around 15 min. The DNA stock solutions (1 μL; ~ 1 mM) were added to the absorbance-adjusted particles. A 200 mM NH 2 OH·HCl solution was adjusted to pH 5 using a concentrated solution of NaOH. The pH-adjusted solution (0.6 μL) was then added to the DNA-incubated cubes, and 2 μL or 6 μL of 5 mM HAuCl 4 was added to obtain a lowor high-concentration precursor, respectively. The reaction was then left until completion.
Kinetic absorption studies
The changes in the absorption spectra of the nanoparticles during growth were monitored by performing the experiments in a quartz cuvette. The working volumes for all the samples were the same as those for nanoparticle growth in an Eppendorf tube.
Kinetic scanning electron microscopy studies
To arrest the growth of a sample at a certain time, 1 μL of 3-mercaptopropanoic acid (100 mM) was added to the solution with 10 μL of 0.2% sodium dodecyl sulfate. The sample was then centrifuged and washed three times with Millipore water before characterizing the sample using scanning electron microscopy (SEM) or transmission electron microscopy (TEM).
Results and discussion
The concave palladium seeds were synthesized using a slightly modified protocol reported by Niu et al. [51] to form a light blue solution ( Fig. 1(a) and Fig. S2 in the Electronic Supplementary Material (ESM)). The absorption spectrum of this blue colloidal solution exhibited a broad peak in the near infrared (NIR) range with an absorbance maximum at ~ 730 nm (Fig. S3 in the ESM). This seed was enclosed by protruding edges in the <110> and the <111> directions but retained the six {100} facets on the core, as indicated by the selected area electron diffraction pattern in Fig. 1(c) . The extended edges and tips on the concave nanocube were energetically unstable because of the smaller number of neighboring Figure 1 SEM images of (a) Pd concave seed and (b) the Pd@Au core-shell nanoparticles synthesized in the presence of DNA molecules (sequences of 10 thymine, guanine, cytosine, and adenine (T10, G10, C10, and A10, respectively)). Scale bars = 100 nm. Insets provide a schematic representation of the nanoparticle shapes. (c) TEM image of the Pd concave seed alongside the selected area electron diffraction pattern of the concave cube, implying that the {100} facet was retained at the center. Scale bar = 20 nm. Nano Res. 2018, 11 (9) : 4549-4561 atoms than that in a simple nanocube [52] . This property became evident when the nanoparticle was aged because the edges were smoothed with time ( Fig. S4 in the ESM) and the color of the solution changed to brownish-orange.
The gold precursor was reduced by hydroxyl amine and then deposited onto the palladium concave cubic seed in the presence of DNA molecules, each of which contained repeating units of 10 nucleobases (T10, G10, C10, or A10). We previously demonstrated that controlling the morphology of nanoparticles is independent of the length of the DNA sequences; however, a DNA sequence that is too short (e.g., 5 bases) cannot provide enough colloidal stability [44, 46] . Therefore, strands consisting of 10 bases or more have typically been used in our studies; however, beyond a certain length (i.e., that which maintains such a stability), the length of the DNA strand can minimally impact the morphology of the nanoparticles. Additionally, since we used 10 bases in our previous study with the simple cubic seed [48] , we continued to use the same sequences for our concave system to allow for a direct comparison with our previous work. All reactions were performed at room temperature and in water. HAuCl 4 was reduced, and the resultant morphologies in the presence of T10, G10, C10, and A10 were studied. The results were sequence-dependent, as indicated by the SEM images ( Fig. 1) . The presence of T10 caused the formation of a gold shell with less deposition of gold along the {100} facet and more deposition in the <111> and <110> directions. The process of gold deposition in the presence of G10 and C10 was similar-there was more visible deposition along the <111> direction. However, G10 had rounded vertices, while the edges of C10 formed octapods with octahedron-like structures consisting of prominent {111} surfaces. Finally, A10 resulted in the formation of a gold shell on the palladium seed with an overall rough surface. The formation of such unique structures from the same core often requires careful and articulate tailoring of a variety of different conditions and reagents [53] . In contrast, these different morphologies can be formed reproducibly in quantitative yield under the same conditions in the presence of different sequences of DNA.
To confirm the elemental composition of the core-shell structures observed in Fig. 1 , the nanoparticles were analyzed by scanning transmission electron microscopy (STEM)/energy-dispersive X-ray spectroscopy (Fig. 2) , which confirmed the presence of palladium in the core and gold in the shell. These images reveal that the gold shell that formed on the {100} facet of the Pd core (which is the lower surface energy (γ) facet) was thinner than the gold shell deposited onto the edges and vertices of the Pd core (which are the higher γ sites) for all the core-shell structures formed under Nano Res. 2018, 11 (9) : 4549-4561 this condition. The thickness of the shell varied with respect to the DNA sequence. For example, growth in the presence of T10, G10, and C10 bases showed a prominent crater-like feature in the <100> directions, similar to those observed in the seed. In contrast, this feature was less prominent along the {100} facets in the presence of A10. The absorption spectra of all the particles showed λ max values beyond 700 nm and into the NIR range (Fig. S5 in the ESM). Given the unique architecture and absorption spectra of the core-shell structures, we predicted that they could be used for surface-enhanced Raman spectroscopy (SERS). The structures showed enhancement factors on the order of 10 7 in the spectra of 4-mercaptobenzenethiol (see Fig. S6 & SERS properties of the DNA-mediated Pd@Au Nanoparticles in the ESM).
Kinetic study of the DNA-mediated growth of Pd@Au core-shell nanoparticles
Given the different core-shell structures observed in the presence of different DNA sequences in Figs. 1 and 2, we investigated the kinetics of gold shell formation using absorption spectroscopy by monitoring the absorption changes associated with the growth of the gold shell in situ. The absorbance of the surface plasmon peak is directly related to the volume fraction of nanoparticle growth as a function of time; therefore, absorption spectroscopy can provide useful information about the evolution of the nanoparticle structure [54] . The growth of the Au shell on the Pd concave cube seed increased the absorbance in the NIR region, which involved continuous shifts in the values of λ max -initially a red shift, followed by a blue shift-in the presence of all DNA sequences (Fig. 3(a) ). These shifts in the wavelengths can be attributed to the coupling of the surface plasmon resonance (SPR) of the Pd concave cube (λ max = 730 nm) with that of the Au shell, causing the final particles to have an SPR in the NIR region. In our previous system that used a simple palladium cube (SPR ~ 400 nm) as the seed [48] , the plasmonic peak emerged (from gold deposition), but it did not exhibit any plasmonic coupling; hence no shift in the value of λ max was observed with respect to time. Notably, in the current concave system, the extent of the red shift was the least for the T10-mediated particles (final λ max = 820 nm) and the most for the A10-mediated nanoparticles (final λ max = 862 nm), with the G10 and C10 particles (λ max = 836 and 847 nm, respectively) in between (Fig. S5 in the ESM) .
In addition to the main SPR peak in the NIR region, a shoulder peak was present at 550 nm in the as-synthesized nanoparticle structures, indicating the inherent anisotropy of the core-shell particles [7] . The shoulder peak was less prominent for the A10-mediated particles than for the spectral profiles of the particles synthesized using T10, G10, and C10, which is in agreement with Nano Res. 2018, 11 (9) : 4549-4561 the absence of the prominent crater-like feature along the <100> direction in the A10-mediated particles. To better analyze the kinetic growth profiles, the absorbance values at the final λ max in the NIR region were plotted against time (Fig. 3(b) ). The absorbance of the particles is sensitive to the morphology at a given time; therefore, the extinction coefficient changes as the particles grow in the solution. The plots of absorbance at λ max against time revealed an exponential growth curve in the presence of T10, G10, and C10, but a sigmoidal growth curve in the presence of A10. The system involved plasmonic coupling between the Pd core and the Au shell, which caused the continuous shift in the λ max peak during growth; therefore, we integrated the area under the curves between 500 and 1,000 nm and plotted these values against time (Fig. 3(b) ). The profiles showed the same trend, corroborating our initial analysis of the time trace of absorbance at λ max . The rate of the increase in absorbance was the highest for T10-mediated growth and lowest for A10-mediated growth. The growth curves started to level off after ~ 25 min of growth, even though the same amount of reductant was used as in our previous system [48] . In comparison, the growth process for the simple cubic system required more than 1 h to reach completion. The faster rate in the current concave seed system could be attributed to the higher precursor (Au) concentration and the high γ sites on the current seed. The curves were fit by adopting the Kolmogorov− Johnson−Mehl−Avrami model [54] [55] [56] [57] (Fig. S7 in the ESM) , which helped obtain the kinetic parameters for growth in the presence of all bases (see Table S2 in the ESM for additional information on the absorption kinetic data). For the bases that direct the exponential growth mechanism, the order of the rate of increase in the absorbance was T10 > G10 > C10. A10 showed a sigmoidal curve, indicating an aggregative growth mechanism [58, 59] . No change in absorbance was observed within the first 3-4 min, probably because of the formation of smaller nanocrystallites stabilized by A10 due to Ostwald ripening before depositing onto the concave seeds.
To correlate the morphology to the absorption spectral changes, we then obtained time-dependent SEM images of these nanoparticles by arresting the growth of the nanoparticles at different stages. The morphological evolution was studied by quenching the reaction at different times using excess mercaptopropanoic acid, which binds to the gold precursor and prevents further metal precursor reduction and hence deposition onto the seed [60] . The images at the start of Au deposition on the Pd concave cube show that the nucleation events on the Pd concave cube were very similar in the presence of different DNA sequences (Fig. 4) . The formation of small Au islands on the Pd core was also similar using all four bases, but the deposition profiles after Au island formation were markedly different for the particles grown in the presence of A10 and those in the presence of T10, G10, and C10. Au deposition was high along the <111> and <110> directions and low along the <100> direction in the presence of T10, G10, and C10. The A10-mediated growth, in contrast, showed an almost even Au deposition profile on all the facets of the concave Pd cube, explaining the absence Figure 4 Scanning electron microscopy images of nanoparticle growth quenched at different times. The times were chosen to represent the morphological evolution in the presence of each DNA sequence. Scale bars = 100 nm. Nano Res. 2018, 11 (9) : 4549-4561 of the deep crater along the <100> direction in the final particles. The intermediate particle morphologies in the presence of T10, G10, and C10 between 0-10 min were almost indistinguishable. Beyond 14 min, distinct features of each morphology started to appear, including rounding of vertices in the presence of G10 and the formation of {111} surfaces in the presence of C10.
The surface energies of different facets of the concave cube were different: The site protruding in the <111> direction was the highest energy site, followed by the site protruding in the <110> direction, and then that on the {100} facet (Scheme 1). Regions on the surface of the seed with uncoordinated atoms decreased the energy barrier for nucleation events [61, 62] . The difference in surface energies could be probed by growing the Au shell without a capping agent because the growth of the shell was mainly guided by surface energies. When the Pd seed alone was treated with only the Au precursor and the reductant, aggregated nanoparticles formed because of the lack of a stabilizing agent, and we noted some separate particle clusters with seed edges and corners covered by a gold shell (Fig. S8 in the ESM). Among these separate clusters, an indentation along the <100> direction was observed, indicating that the area lacked Au deposition in the direction of this lowest energy surface (Fig. S8 in the ESM) . Furthermore, deposition along the <111> direction was almost always greater than Au deposition along the <110> direction (Fig. S8 in the ESM) , implying that γ increased in the following order: {100} < {110} < {111}. Therefore, bases that have weak affinities toward the surface of the concave seed would allow deposition that is dictated by the surface energies of the seed. In contrast, bases that have a higher binding affinity would be able to bind to the surfaces of the seed, thus lowering the surface energies and enabling growth in a base-specific manner. Based on the time-dependent SEM study, we present a two-dimensional (2D) atomic model, which is similar to the one proposed by Xia and coworkers [63] , to describe the mechanism of DNA-mediated Au nanoparticle deposition onto a Pd concave seed (Scheme 1). In this 2D atomic model, we chose the atomic plane that contains all the sites that participate in growth, i.e., the plane cutting across the concave structure that passes through two opposite protruding edges in the <110> direction, diagonally across two {100} facets, and containing four corners protruding in the <111> direction.
T10 has a low affinity to metal surfaces because the Scheme 1 Proposed growth mechanism of Pd@Au core-shell nanostructures influenced by different sequences of DNA (the atomic models represent the cross-section of the three-dimensional (3D) models along the black box for each case).
Nano Res. 2018, 11(9): 4549-4561 thymine base lacks functional groups that can bind to metal atoms [64] . Therefore, this sequence mostly contributed to the colloidal stability of the nanoparticles and allowed the deposition of metal atoms to be dictated by the surface energies of the Pd concave seed, as observed for the previous system [48] . While there was visible deposition along the {100} facet of the concave cube, the deposition was dominant on the edges and vertices. The amount of Au shell deposition markedly increased from center of the {100} facet to the edge. The Au atoms deposited on the edges and corners were accommodated in sites around the {100} facet. In the STEM images (Fig. 2) , T10-mediated particles showed a distinctly higher deposition of Au on the edges and corners than that for the nanoparticles mediated by other DNA sequences. This deposition pattern was consistent with what we observed for the control sample that lacked a capping ligand (Fig. S8 in the ESM). The control, however, lacked colloidal stability, while T10 provided stability during growth. In the kinetic study, the island-like growth changed and formed a smooth surface nearly 7 min into the growth process, with deposition mostly along the <111> direction. The rate of deposition of Au atoms overpowered the rate of diffusion (V deposition >> V diffusion ), and thus a thick shell formed, mostly confined to the periphery (Scheme 1). When correlated to the kinetic absorption spectrum, the initial rough deposition of metal promoted a red shift in the λ max value (close to 2 min because of an increased number of surface features), and the smoothing (beyond 4 min) of the surface promoted a blue shift ( Fig. 3(a) & Fig. S9 in the ESM) [65] . Beyond 7 min, a secondary peak emerged at 550 nm, indicating structural anisotropy. The shape evolution mediated by T10 and G10 shows some similarities. A subtle difference was observed between the two final shapes-well-rounded corners formed in the presence of G10 but not in the presence of T10. The rounded corners of the shell mediated by G10 were separated by less deposition on the edges (<110> direction). The metal binding capability of G10-via the carbonyl and the exocyclic amine groupwas higher than that of T10. Initial deposition could be observed on all sites of the concave seed, as for T10. With time, deposition in the <111> direction became more prominent than deposition on the edges protruding in the <110> direction because of γ effects; hence, thick, rounded corners formed. Since V deposition > V diffusion , the shell along the {100} facet was the thinnest (Scheme 1). Transition from the initial rough deposition to a smooth surface occurred after 10-14 min of growth, and this transition could be observed in the absorption spectrathe red-to-blue shift began around the 7 th minute (Fig. 3(a)  & Fig. S10 in the ESM) . Additionally, circular dichroism (CD) did not reveal any significant peaks, indicating the absence of secondary structure formation by G10, unlike that for the previous cubic core system (Fig. S11 in the ESM). We hypothesize that the absence of Pd precursors may be a reason for the absence of secondary structure, and we observed a significant change in the CD spectra for Au and Pd precursor co-reduction (Fig. S11 in the ESM) .
The presence of C10 formed octapod-like structures. The chemical structure of the cytosine base also enabled metal binding via functional groups, such as amine. Similar to G10, the C10-mediated structures had a lower thickness in the <110> direction and higher thickness in the <111> direction. Again, V deposition > V diffusion , which provided an asymmetric structure. The most interesting feature is the octahedral-like corners stabilized by the C10 sequence. The {111} facets were distinctly visible and formed on all eight corners of the nanoparticle structure. Deposition along the <111> direction was the highest, and the C10 sequence that existed in solution stabilized the {111} facet, resulting in the formation of octahedral structures at these sites (Scheme 1). The process of {111} facet stabilization was evident close to the 14 th minute of the kinetic stabilization study-a clear secondary peak emerged (Fig. 3(a) & Fig. S12 in the ESM) . The blue shift in the kinetic absorption spectra began near 10 min. This blue shift occurred later in the growth process than that in the presence of T10 and G10. Several structures also showed some overgrowth along the <110> direction (Fig. S13 in the ESM) in the regions of octahedral-like features along the edges because of overgrowth of the shell. The stabilization of the {111} surfaces by the C10 sequence is consistent with our previous observations for Au deposition on Au prisms [47] , Au nanorods [46] , or Pd cubic seeds [48] , where the final structures controlled by the cytosine-containing sequence are enclosed by {111} facets. Nano Res. 2018, 11(9): 4549-4561
Finally, an aggregative growth mechanism was dominant in the presence of A10, which was also observed for the simple cubic core system [48] , where the overall reaction rate was much slower. In the current system, the aggregative growth mechanism rendered the least deposition within 2 min of all the bases. This was also supported by the high-resolution TEM analysis of the 2-min sample, which showed several smaller nanocrystallites around the seed (Fig. S14 in the ESM) . The particles were washed a minimum of three times before TEM analysis to avoid precursor reduction in the presence of the electron beam. The deposition of the smaller nanocrystallites after Oswald ripening was clearly influenced by the γ of the edges and vertices of the concave seed, i.e., the sites protruding in the <111> and <110> directions. The A10 oligonucleotide was bound to the high-γ sites and the precursor in the reaction solution, and thus lowered the corresponding γ of these sites. Therefore, deposition occurred in the <111> and <110> directions and along the {100} facet. Even though the surface energy of the edges and the corners was lowered, the {100} facet remained lower in energy, accounting for the formation of a slightly thinner shell in the <100> direction of the particle (Scheme 1). We hypothesize that the rough surface of the nanoparticles could be caused by two possibilities: 1) A10 binds to the precursor to form smaller nanoparticles, and these nanocrystallites are deposited on the surface of the seed as is. 2) The rough surface is formed because of the low mobility of adenine on the surface of Au, thereby allowing Au deposition to occur in areas that are devoid of DNA strands, as observed in a previous system of gold deposition on a gold seed in the presence of A30 [47] . After the initial nucleation event of gold onto the concave surface of the seed, the A10 sequences in solution can interact with the deposited gold, essentially causing gold-on-gold deposition thereafter. In the current system, the overall faster deposition rate of the small A10-stabilized nanocrystallites could contribute to the rough surface.
Kinetic studies have provided important information about the growth processes in the presence of different DNA sequences. V deposition is almost always greater than V diffusion , and this is largely dependent on the surface energy of the seed; hence, growth is a highly deposition-dominated process. The extent to which V deposition is greater than V diffusion depends on the DNA sequence used. The nucleation kinetics are much faster if the seed presents high-indexed or defect surfaces [66] . When the amount of HAuCl 4 in the growth solution was low (~ 1.2 mM), growth in the presence of A10 was unique among the four structures that were obtained because a rough coat of gold formed over the concave seed, while the other three bases showed very similar morphologies (Fig. S15 in the ESM) . The initial growth process was mostly dominated by the surface energies of the seed; the final morphologies were indistinguishable and independent of the base (T10, G10, and C10) that was used for growth. A10, however, was an exception because of its high binding affinity to the seed and precursor. The effect of A10-mediated growth was distinct, even in the presence of less of the precursor, through the formation of a rough particle. Despite the difference, the deposition of Au was predominant along the edges and vertices of the seed in the presence of all bases.
In contrast, the previous study using a simple Pd cubic seed showed that shell deposition was completely site-specific on the seed depending on the DNA sequence that was used. With respect to the other DNA sequences, different morphologies arise only after further reduction of gold. The high γ of the edges and vertices of the concave seed provide more influence on the deposition of gold onto these sites than the sites with lower γ. After the initial deposition of gold on the seed to form a shell, the growth beyond that point can be treated as the formation of the shell on a core with surfaces that now have comparatively lower values of γ than the naked concave Pd seed. The affinity of the DNA bases to gold decrease in the order of A > C ≥ G > T [67] ; the current condition can clearly differentiate between the effect of high-binding-affinity ligands, such as A10, from the effect of low or medium binding affinity DNA (T10, G10, and C10), which is predominant during the later stage of Au shell growth on the concave seed to form asymmetric structures. Additionally, when we tried a "block" combination sequence, such as AAAAACCCCC (A5C5), the morphology was dominated by A, resulting in growth of a rough gold shell on the Pd concave nanoparticle (Fig. S16 in the ESM) , further suggesting the importance of base affinity.
Furthermore, upon studying the absorption spectra Nano Res. 2018, 11 (9) : 4549-4561 of the particles formed by reduction using a lower concentration of HAuCl 4 (~ 1.2 mM), we found that only the λ max value for the A10-mediated particles was unique; the spectra for the T10-, G10-, and C10-mediated particles were similar (Fig. S17 in the ESM) . The lower concentration of HAuCl 4 is equivalent to the concentration used in the simple cubic system [48] . An important observation was the absence of the shoulder peak in almost all the spectra. This observation suggests that the anisotropy of the particles increased after further reduction of HAuCl 4 , which was mediated by DNA. The kinetic study of particle growth in the presence of A10 and T10 provided data that agreed with that observed in the presence of a higher HAuCl 4 concentration (~ 3.6 mM). A sigmoidal kinetic curve was observed in the presence of A10, and an exponential growth curve was observed in the presence of T10 (Fig. S18 in the ESM).
Comparison of DNA-mediated growth of the Au shell onto a cubic core and concave cubic core
Metal nanoparticle synthesis involves many interdependent factors that affect the final morphology. Temperature may also affect the kinetic parameters of DNA-mediated nanoparticle growth [49] . Temperatures that are much higher than room temperature may prevent the interaction of DNA with the metal surface and thus form nanoparticles with a less-controlled morphology. While a much lower temperature will reduce the rate of reduction and thus provide more effective control of the morphology, it may also restrict the movement or flexibility of the DNA strand. Therefore, the parameters of growth must be decoupled to better understand existing nanoparticle growth systems. In a typical seed-mediated nanoparticle synthesis, the characteristics of the seed are vital [68] [69] [70] . Generally, in growth systems that involve heterophases and high-indexed seeds, the growth of the heterophase is heavily influenced by the seed because of the higher surface energies, and it often proceeds in a conformal manner [71] [72] [73] [74] .
A comparison between the simple cubic and concave cubic core Pd seeds reveals differences in the DNAmediated growth on the Au shell: 1) In the simple cubic seed (SPR ~ 400 nm), the emergence of a plasmonic peak (caused by Au deposition) did not shift the value of λ max , while the value of λ max shifted for the concave cube (SPR ~ 700 nm), suggesting SPR coupling between the Pd seed and the deposited Au in the latter system, but not in the former. The absorption for the simple cubic system is narrow and fails to couple with the emerging absorption of the depositing shell at ~ 600 nm. The concave cubic system absorbs over a broad range (spanning the visible and NIR) and readily shows plasmonic coupling with the depositing gold.
2) The growth rate is faster using a Pd concave cube as the seed (~ 35 min) than using a Pd cube as the seed (> 1 h), even though the growth solution contains equal amounts of the reductant. However, decreasing the precursor concentration slowed the reaction slightly, but the overall growth process was consistently faster than that for the system with the simple cubic core, indicating that the concave seed allows for faster nucleation of gold. 3) With a simple cubic core, the influence of DNA was evident from the start of growth, where the DNA sequences controlled the deposition by surface passivation in a sequence-dependent manner; in contrast, the initial growth in the concave cube core was heavily dictated by the surface energy of the seed. Despite the differences, the aggregative growth mechanism in the presence of A10 was similar in both systems; in the absorbance vs. time kinetic profiles, the increase in absorbance takes place within ~ 5 min for the concave cube vs. ~ 10 min in the presence of the simple cube, which agrees with the increased growth rate. These subtle but important differences strongly suggest that the interactions between the DNA molecules and different seeds, which show different properties, play an important role in determining the growth parameters and substantially influence the final morphologies of the nanoparticles.
Conclusions
We have demonstrated that DNA can direct the seed-mediated synthesis of bimetallic nanoparticles, even in the presence of a seed with high-energyindexed facets (such as a concave nanocube), forming four architecturally disparate Pd@Au core-shell structures in the presence of 10-mer sequences of adenine, thymine, guanine, and cytosine. Based on detailed spectroscopic and SEM studies of the time-dependent growth of bimetallic nanoparticles, we identified the following general principles for a DNA encoded growth when the seed contains high-energy facets: 1) Each sequence has a unique way of interacting with the surface of the seed surface and the precursor because of the disparate chemical functionalities of the DNA bases.
The most important factor is the binding affinity of the base. A10, for example, shows the highest binding affinity and could stabilize the high energy surfaces of the seed. Hence, A10 induced an aggregative growth mechanism. 2) For bases with low to medium binding affinities (T10, G10, and C10), the initial growth is completely dictated by the surface energy of the seed. The overall growth process for all the bases proceeds in a manner so that V deposition is always greater than V diffusion .
3) The effect of the low or medium binding affinity of DNA can be observed after further reduction of the metal onto the concave seed; i.e., the effect of DNA is important after the initial passivation of the low co-ordination, high-energy sites on the seed. To obtain disparate core-shell morphologies for a given seed using DNA-mediated synthesis, the precursor investment for a given DNA concentration and each synthesis changes depending on the characteristics of the seed. Overall, this study has provided insights into the factors that govern the growth of core-shell structures using seeds with high-energy indexes, and these insights can readily be applied to other bimetallic systems where DNA is used as a capping ligand.
